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The potential energy and interaction energy profiles for metal- andmetal-ligand-mediated alkane
C-H bond activation were explored using B3LYP density functional theory (DFT) and the
absolutely localized molecular orbital energy decomposition analysis (ALMO-EDA). The set of
complexes explored range from late transition metal group 10 (Pt and Pd) and group 11 (Au) metal
centers to group 7-9 (Ir, Rh, Ru, and W) metal centers as well as a group 3 Sc complex. The
coordination geometries, electron metal count (d8, d6, d4, and d0), and ligands (N-heterocycles,
O-donor, phosphine, and Cp*) are also diverse. Quantitative analysis using ALMO-EDA of both
directions of charge-transfer stabilization (occupied to unoccupied orbital stabilization) energies
between the metal-ligand fragment and the coordinated C-H bond in the transition state for
cleavage of the C-H bond allows classification of C-H activation reactions as electrophilic,
ambiphilic, or nucleophilic on the basis of the net direction of charge-transfer energy stabilization.
This bonding pattern transcends any specific mechanistic or bonding paradigm, such as oxidative
addition, σ-bond metathesis, or substitution. Late transition metals such as Au(III), Pt(II), Pd(II),
and Rh(III) metal centers with N-heterocycle, halide, or O-donor ligands show electrophilically
dominated reaction profiles with forward charge-transfer from the C-H bond to the metal, leading
to more stabilization than reverse charge transfer from the metal to the C-Hbond. Transition states
and reaction profiles for d6 Ru(II) and Ir(III) metals with Tp and acac ligands were found to have
nearly equal forward and reverse charge-transfer energy stabilization. This ambiphilic region also
includes the classically labeled electrophilic cationic species Cp*(PMe3)Ir(Me).Nucleophilic character,
where themetal toC-Hbond charge-transfer interaction ismost stabilizing, was found inmetathesis
reactions with W(II) and Sc(III) metal center complexes in reactions as well as late transition metal
Ir(I) and Rh(I) pincer complexes that undergo C-H bond insertion. Comparison of pincer ligands
shows that the PCP ligand imparts more nucleophilic character to an Ir metal center than a
deprotonated PNP ligand. The PCP and POCOP ligands do not show a substantial difference in
the electronics of C-H activation. It was also found that Rh(I) is substantially more nucleophilic
than Ir(I). Lastly, as a qualitative approximation, investigation of transition-state fragment orbital
energies showed that relative frontier orbital energy gaps correctly reflect electrophilic, ambiphilic, or
nucleophilic charge-transfer stabilization patterns.
1. Introduction
Metal-mediated C-H bond activation has been realized
for a variety of transition metal complexes across the peri-
odic table.1,2 Most familiar is the so-called “oxidative addi-
tion” mechanism.3 This term has been applied liberally to
reactions that generate alkyl metal hydride intermediates by
insertion of the metal into the C-Hbond in a three-centered
four-electron bonding interaction (Scheme 1). C-H bond
insertion by transition metals involves charge transfer (CT)
from a metal-based occupied dπ orbital to the σ* orbital of
the coordinated C-H bond (reverse CT) as well as charge
transfer from the filled σC-Hbond to an emptymetal-based
dσ orbital (forward CT), as shown in Scheme 2a. Scheme 2
shows these frontier orbital interactions and a generalized
correlation diagram for this process. Although both frontier
interactions and directions of charge transfermust be present
along the insertion reaction pathway to allow for a low-
energy orbital-correlated reaction, there is little evidence for
whether the stabilizations from the two directions of charge
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transfer are of equal energetic importance for a particularmetal
and ligand combination. In the use of the terminology “oxida-
tive addition” themetal center is “oxidized” upongenerationof
the alkyl metal hydride by formal electron-counting rules.
However, this terminology, perhaps unintentionally, focuses
consideration primarily on the metal to C-H bond charge-
transfer interaction. Several studies by Crabtree,4 Bergman,5
Labinger andBercaw,6Tilset,7 andothers8 have experimentally
shown that electron-deficient, cationic, late transition metal
complexes readily undergo insertion into C-H bonds. These
types of reactions are unlikely to possess high-energy dπ elec-
trons, but rather have low-energy dπ and low-energy empty dσ
orbitals. In fact, Crabtree4 has briefly speculated that in reac-
tions of C-H bonds with cationic iridium complexes removal
of C-H bonding electrons may be more important than
donation of metal nonbonding electrons into the C-H σ*
orbital. In this contribution one of our main goals is to
quantitatively explore whether forward or back CT is energe-
tically more dominant in the transition state for cleavage of the
C-H bond and along the reaction coordinate for a diverse set
of transition metal centers, ligands, and d-electron count.
Alternative to oxidative addition, a metal and ligand may
both insert into theC-Hbond (Scheme1).This isoften referred
to as a substitution mechanism that encompasses σ-bond
metathesis and 1,2-addition pathways.9-11 In substitution reac-
tions, orbital correlationdiagrams show that there is a swapping
of the C-H σ-bond for theM-X σ-bond (σ-bondmetathesis),
or a lone pair on a heteroatom of X can be utilized.9 Typically,
these four-centered, four-electron (or six-electron) bonding
transition states are described in a quadrupolar charge arrange-
ment to explain regioaddition. However, again, there is little
evidence to suggest that either the M-X σ-bond or dπ ligand
lone-pair interaction with the σ* orbital of the C-H bond is of
greater, equal, or lesser importance than the filled σC-Hbond
interaction with an empty dσ orbital.
Scheme 1. C-H Bond Activation by C-H Bond Coordination
Followed by Insertion or Substitution Cleavage
Scheme 2. (a) Frontier Orbital Interactions and (b) Generalized
Orbital Correlation Diagram for Metal Insertion into a
C-H Bond
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The increasing number of new C-H activation reaction
mechanisms12-14 proposed over the past fewyears indicates that
the bonding changes shown in Scheme 1 merely represent
possible extremes. In fact, Vastine and Hall have elegantly
used Bader’s atoms-in-molecules analysis to show that a
general bonding continuum exists among the variously
named “oxidative addition”, “σ-bond metathesis”, and
“metal-assistedmetathesis” reactions.15 Here we report an
extensive energy decomposition analysis of reaction co-
ordinate profiles, including transition states (TSs), for Au,
Pt, Pd, Ir, Rh, Ru,W, and Sc metal-ligand complexes that
are known to activate C-H bonds by insertion or sub-
stitution mechanisms in order to understand C-H activa-
tion from an electronic perspective. Similar to our first
report, here we investigate whether forward or reverse
charge-transfer stabilization dominates at the transition
states for C-H bond cleavage,16 but now we have explored
changes along the C-H bond-breaking reaction coordi-
nate. This allows insight into whether the electrophilic,
ambiphilic, and nucleophilic classifications is a general phe-
nomenon of the entire reaction coordinate and whether it is
predicated upon a specific type of mechanism. In addition, we
also probe whether frontier orbital energetics convey the same
electronic bonding paradigm.
2. Computational and Theoretical Methodology
All gas phase optimized stationary points were verified as
minima or first-order saddle points by calculation of the full
Hessian using Jaguar 7.0 or 7.5.17 All geometries reported are
RB3LYP/LACVP**. Mass-weighted intrinsic reaction coordi-
nates (IRC) were followed using the Gonzalez and Schlegel
algorithm implemented in Jaguar 7.5 at the default step incre-
ment of 0.1 amu1/2 bohr. Force constants were updated along
the entire IRC. For all IRC plots, at least eight steps were taken
in forward and reverse directions; however, only every other step
was plotted and evaluated with the absolutely localized molec-
ular orbital energy decomposition analysis (ALMO-EDA).18
All ALMO-EDA calculations were performed in a modified
version of Q-Chem 3.119 using the LANL2DZ[6-31G(d,p)]20
basis set on Jaguar-optimized geometries. The ALMO-EDA
method was used to dissect interaction energies between metal/
ligand and CH4 fragments (Scheme 3). This variational method
utilizes block localization of fragment MO coefficients and a
perturbative single Roothaan step to obtain directional charge-
transfer (ECT) contributions as the difference between localized
and delocalized energies.21 The frozen density term (EFRZ) is the
energy change resulting from bringing the metal-ligand and
methane transition-state fragments into close proximitywithout
MO relaxation and constitutes a combination ofCoulombic and
exchange interactions. Individual fragment (intramolecular)
polarization (EPOL) terms are also dissected in this analysis.
This stabilization is the result of intramolecular relaxation of
the absolutely localized orbitals due to the presence of the
other fragment. It is important to note that ECT values
obtained from ALMO-EDA provide an estimate of all occu-
pied to unoccupied orbital interaction stabilizations. Three-
dimensional ball-and-stick structures were generated using
CYLview,22 and all B3LYP Kohn-Sham (KS) orbitals were
generated in GaussView.23 KS-orbital energies were obtained
from ALMO-EDA calculations.
In the transition state, or other points along a reaction path,
the total (activation) energy for C-H bond activation by a
M-X fragment is the sum of metal-ligand and CH4 geome-
trical deformations, referred to as distortion energy (ΔEd), and
the total interaction energy (ΔEi). The distortion energy in-
volves bond stretching, angle decrease or increase, and dihedral
changes.Defining transition states and reaction pathways in this
manner has previously been referred to as extended transition-
state theory by Rauk and Ziegler,24 the activation strain model
Scheme 3. Definition of Transition-State Fragments and
Directional Charge-Transfer Interactions for ALMO-EDAa
a ECT1 is the stabilization resulting from occupied orbitals on the MX
fragment interactingwith unoccupied orbitals onCH4 (reverseCT).ECT2 is
the stabilization resulting fromoccupiedorbitals fromCH4 interactingwith
unoccupied orbitals from the MX fragment (forward CT).
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byBickelhaupt and co-workers,25 and the distortion/interaction
model by Ess and Houk.26 ΔEd and ΔEi are computed by
evaluating the energy of the fragment after deletion of the other
fragment. Scheme 4 shows the relationship of the distortion
energy and interaction energy. In the ALMO-EDA analysis, the
ΔEi is divided into the EFRZ, EPOL, and ECT terms described
above. Operationally, the sum of EFRZ, EPOL, and ECT differs
slightly from the directly computed ΔEi because of basis set
superposition error and a small higher-order charge-transfer
relaxation term.
3. Results and Discussion
3.1. Complexes and CH4 Transition Structures. Scheme 5
shows the metal-ligand complexes studied here for reaction
with methane. This set comprises late transition metal com-
plexes with group 10 (Pt and Pd) and group 11 (Au) metal
centers to group 7-9 (Ir, Rh, Ru, and W) metal centers as
well as a group 3 d0 Sc complex. The coordination geome-
tries, metal electron count, and ligands are diverse in this set.
Figures 1-3 show the transition-state structures for com-
plexes 1-13 cleaving the C-H bond of methane. A general
inspection of these C-H cleavage transition states shows a
very large range of C-Hbond lengths, which is a convenient
but not unique estimate of the reaction progress. At the
extremes, structure 3-TS has a C-H bond length of 1.33 A˚,
and structure 13b-TS has a C-H bond length of 1.85 A˚. The
structures,mechanisms, and energetics are discussed in detail
in subsequent sections, but we note here that the position of
the transition state along the reaction coordinate is not
controlled by the relative electrophilicity or nucleophilicity
(vide infra) of each complex or whether it is an early or late
transitionmetal center, but rather depends on the exact point
at which stabilizing interactions begin to dominate over
repulsive interactions and geometric energetic penalties as-
sociated with reacting methane within the metal inner
sphere. For example, the (bipyrimidine)Pt(II)Cl dication
complex 1 reacts with methane and stretches the C-H bond
to 1.73 A˚ in a highly electrophilic transition state (1-TS),
while the nucleophilic (PCP)Rh(I) complex 13b stretches the
C-H bond to 1.85 A˚ (13b-TS). Both of these transition
structures have identical M-C (2.17 A˚) and M-H (1.55 A˚)
bond lengths.
3.2. Electrophilic, Nucleophilic, and Ambiphilic Definitions.
Table 1 gives the activation barriers (ΔE‡), metal-ligand
and methane distortion energies (ΔEd), the total interac-
tion energy (ΔEi), and the ALMO-EDA partitioned inter-
action energies for the methane C-H bond cleavage
transition structures shown in Figures 1-3. The electronic
character of the transition state can be assigned on the
basis of the dominant direction of charge-transfer
stabilization.16 In the ALMO-EDA approach used here,
directional charge-transfer stabilization encompasses all
filled-empty intermolecular orbital interactions between
the metal-ligand and methane transition-structure frag-
ments. Figure 4 plots the difference between forward and
reverse CT energy stabilization (ΔECT2-CT1). As defined
in Section 2, ECT1 is the stabilization from metal/ligand to
methane orbital interactions (reverse CT) and ECT2 is the
energy stabilization from methane to metal/ligand orbital
interactions (forward CT). A negative ΔECT2-CT1 value
indicates an electrophilic dominated transition state with
forwardCTresulting inmore energy stabilization than reverse
CT, while a positive value indicates a nucleophilic transition
state. Figure 5 plots the absolute ratio of ECT1:ECT2. Here, an
Scheme 4. Relationship of Transition-State Activation,
Distortion, and Interaction Energies
Scheme 5. Metal-Ligand Complexes Studied
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Houk, K. N. J. Am. Chem. Soc. 2009, 131, 4084. (e) Ess, D. H. J. Org.
Chem. 2009, 74, 1498.
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electrophilic transition state has a value greater than 1,while a
nucleophilic transition state has a value between 0 and 1.
Figures 4 and 5 show a clear continuum of electrophilic to
nucleophilic CT stabilization interactions between metal-
ligand complexes andmethane. Late transitionmetal complexes
with Pt(II), Pd(II), Au(III), and Rh(III) metal centers with
either N-donor or O-donor ligands result in electrophilic
activation with negative ΔECT2-CT1 values ranging from
-29 to-15 kcal/mol. In contrast, Ir(I) and Rh(I) transition
metals as well as W(II) and Sc(III) early transition metals
Figure 1. Electrophilic C-H activation transition structures analyzed.
Figure 2. Ambiphilic C-H activation transition structures analyzed.
Figure 3. Nucleophilic C-H activation transition structures analyzed.
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arenucleophilic incharacter, as shownby thepositiveΔECT2-CT1
values ranging from þ13 to þ55 kcal/mol. Consideration
of the absolute value of charge-transfer ratios (ΔECT2:
ΔECT1) gives nearly the same general classifications and
ordering.
The electrophilic and nucleophilic regimes shown here are
independent of whether C-Hbond cleavage proceeds via an
insertion or substitution mechanism. For example, in the
electrophilic regime, 1-TS and 2-TS are insertion transition
states that generate methyl metal hydride species, while
3-TS, 4-TS, and 5-TS transfer the methane hydrogen to a
ligand, giving the metal methyl species. On the nucleophilic
side, 9-TS and 10-TS are substitution transition states, while
11-TS, 12-TS, and 13-TS are insertion transition states.
In addition to the obvious electrophilic and nucleophilic
extremes there are many transition structures where ECT1
and ECT2 values are nearly equal and can be labeled as
ambiphilic. This ambiphilic C-H activation regime is com-
prised of mainly Ru(II) and Ir(III) octahedral complexes.
The differences in charge-transfer energies only range from
-12 kcal/mol for 6c-TS to þ10 kcal/mol for 8b-TS. Clearly
our labeling of these regimes is not absolute and relative
to the species studied here. However, there are several
transition states that have very small ΔECT2-CT1 values.
For example 6b-TS has a value of only þ3 kcal/mol, while
8a-TS has a value of only -3 kcal/mol. 8a-TS is further
notable because this cationic Cp*Ir(Me)(PMe3) complex has
previously been labeled as an electrophilic species.5
Table 1. B3LYP/6-31G(d,p)[LANL2DZ] Transition-State ALMO-EDA Results (kcal/mol)
fragment energies interaction decomposition results
TS ΔE‡ ΔEd[MXþCH4] ΔEib ECT1 ECT2 EFRZ EPOL ESEc EHOd E
Electrophilic
1-TS (Pt) -7 (12)a [12 þ 71] -89 -41 -70 53 -27 3 -1 -83
2a-TS (Pt) -3 (3)a [16 þ 47] -66 -37 -55 50 -19 3 -3 -60
2b-TS (Pt) 7 (10)a [3 þ 51] -47 -48 -42 67 -19 3 -2 -43
3-TS (Au) 25 [26 þ 39] -40 -21 -52 73 -43 3 6 -34
4-TS (Pd) 29 [23 þ 43] -37 -26 -47 79 -42 3 3 -31
5-TS (Rh) 28 [28 þ 36] -37 -23 -38 69 -42 4 1 -35
Ambiphilic
6a-TS (Ru) 15 (15)a [6 þ 31] -23 -32 -26 88 -47 4 -2 -15
6b-TS (Ru) 21 [9 þ 26] -14 -28 -25 84 -41 3 -2 -9
6c-TS (Ru) 17 [11 þ 81] -75 -56 -68 84 -48 2 1 -86
7a-TS (Ir) 17 (11)a [14 þ 28] -24 -27 -37 89 -45 3 -1 -20
7b-TS (Ir) 5 (12)a [11 þ 66] -73 -58 -54 68 -26 3 0 -66
8a-TS (Ir) 21 [17 þ 50] -46 -37 -40 62 -26 3 -2 -41
8b-TS (Rh) 28 [12 þ 78] -61 -52 -42 62 -25 3 -1 -54
Nucleophilic
9-TS (W) 10 [5 þ 49] -44 -48 -34 67 -26 3 -1 -40
10-TS (Sc) 26 [9 þ 33] -16 -46 -20 88 -34 3 -1 -12
11-TS (Ir) -8 (2)a [2 þ 31] -40 -40 -27 47 -18 2 -1 -37
12-TS (Ir) 5 (11)a [2 þ 49] -46 -55 -26 54 -21 2 4 -41
13a-TS (Ir) 8 (12)a [3 þ 49] -44 -56 -26 58 -22 2 4 -39
13b-TS (Rh) 20 (24)a [4 þ 82] -65 -82 -27 61 -26 3 12 -60
aActivation energy relative to coordinated methane complex. All other activation energies reported are relative to noninteracting ground states.
bNot corrected for basis set superposition error and is therefore slightly different than the totalALMO-EDA interaction energy. cBasis set superposition
error. dHigher-order charge-transfer relaxation.
Figure 4. Plot of difference between forward and reverse charge-
transfer stabilization (kcal/mol).
Figure 5. Plot of ratio between forward and reverse charge-
transfer stabilization (kcal/mol).
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3.3. Electrophilic C-H Activation: Pt(II), Pd(II), Au(III),
and Rh(III) Examples. Crabtree first outlined the electronic
identity of so-called “electrophilic” C-H activation reac-
tions when he described how cationic iridium bisphosphine
and cyclooctadiene complexes underwent reductive addition
rather than oxidative addition.4 Evidence for this assignment
was based on the easier addition of reducing bonds (H2,HCl,
and C-H) than more oxidizing bonds (CH3CN, CH2Cl2,
andMeI).4 In addition,Crabtree found that addition of these
bonds to iridium was enhanced, rather than inhibited, by the
presence of electron-withdrawing ligands. Subsequently,
Bergman and others also introduced complexes that were
also labeled as electrophilic.5 However, the term electrophilic
has become prominently associated with Shilov-type C-H
activation reactions1 as well as Periana’s Hg and Pt systems.30
The original Shilov system, eq 1, selectively givesmethanol and
methyl chloride.27 TheDFTstudybySiegbahn andCrabtree in
1996 explored substitution and insertion C-H activation by
the model trans-[PtCl2(H2O)2] species.
28 Both pathways were
found to have similar barriers. Zhu and Ziegler later theoreti-
cally explored the insertion reaction with [PtCl4]
2-, [PtCl3-
(H2O)]
-, and [PtCl2(H2O)2] species.
29
CH4þPtCl62- þH2OðCl- Þ f
PtCl4
2-
H2O
CH3OHðCH3ClÞ
þPtCl42- þ 2HCl ð1Þ
Periana and co-workers further developed Pt(II) C-H acti-
vation with the report of the Catalytica process for methane to
methyl bisulfate oxidation.30 Labeled as an electrophilic reac-
tion, methane is oxidized by [(bpym)Pt(Cl)2] in concentrated
sulfuric acid. Several groups using different DFT and solvation
models have explored the key catalytic steps.31 Ahlquist et al.
recently showed that C-H bond cleavage in H2SO4 likely
occurs via insertion of methane by the coordinatively unsatu-
rated (Hbpym)Pt(Cl)2þ species 1, which is the model complex
utilized in this study.32
Figure 1 shows the insertion transition states for the
modeled Catalytica and Shilov systems. 1-TS is for insertion
of (Hbpym)Pt(Cl)2þ into methane, while 2a-TS and 2b-TS
are for insertion of trans-(H2O)PtCl2 (2a) and PtCl3
- (2b)
into methane. The activation barrier of 12 kcal/mol for 1-TS
is low compared to experiment (∼30 kcal/mol)32 because this
value is not solvent corrected.33 The penalty to distort the
(Hbpym)Pt(Cl)2þ fragment,ΔEd= 12 kcal/mol, is the result
of the ground state adopting a T-shaped structure that
must become square-planar like in the transition structure.
However, this energy is significantly smaller than the penalty
to stretch the methane C-H bond to 1.73 A˚, which requires
71 kcal/mol. The difference between the fragmentΔEd values
and the activation barrier gives the total interaction energy
(ΔΔEi) of-89 kcal/mol. The total ALMO-EDA interaction
energy without basis set superposition error (BSSE) is -83
kcal/mol. It is clear from theEFRZ value ofþ53 kcal/mol that
exchange (Pauli) repulsions overwhelm electrostatic interac-
tions, despite the dicationic state, and is the source of the
interaction energy barrier. The relative charge-transfer sta-
bilization, ΔECT2-CT1, is -29 kcal/mol and signifies an
electrophilic dominated transition state with forward CT
resulting in -70 kcal/mol of stabilization and reverse CT
resulting in -41 kcal/mol of stabilization. The small higher-
order orbital relaxation term, EHO, of -1 kcal/mol, which
cannot be assigned to a specific directionality, is negligible in
magnitude. This value is typically very small compared to the
total charge-transfer stabilization in all transition states
explored. However, the polarization stabilization (EPOL) of
-27 kcal/mol is significant relative to the other interaction
energies.
The Shilov transition states, 2a-TS and 2b-TS, explored
are useful to discern whether neutral and anionic Pt(II)
insertion transition states are electrophilic. Similar to the
Catalytica system, the L3Pt distortion energies are much
less than the penalty to distort methane, which are 47 and
51 kcal/mol for 2a-TS and 2b-TS, respectively. The lower
methaneΔEd values compared to 1-TS are due to the shorter
required C-H bond stretching, 1.50 and 1.54 A˚. Despite the
interaction of complex 2a with methane giving a neutral
transition structure 2a-TS, the ALMO-EDA decomposition
results show that this (H2O)PtCl2 species acts as an electro-
phile toward methane. The reverse CT stabilization ECT1 is
-37 kcal/mol,while the forwardbondingECT1 is-55 kcal/mol,
a difference of -17 kcal/mol. In 2a-TS exchange repulsions
lead to þ53 kcal/mol of destabilizing interactions, which are
mitigated by the charge-transfer energies and the-19 kcal/mol
of intramolecular polarization stabilization.
Replacement of the H2O ligand with chloride gives struc-
ture 2b-TS, which turns out not to be electrophilic. The
highly donating anionic ligand augments the Shilov transi-
tion state significantly enough that nowECT1 (-48 kcal/mol)
is slightly greater thanECT2 (-42 kcal/mol). The othermajor
energetic difference between 2b-TS and 2a-TS is the signifi-
cantly larger exchange repulsions in 2b-TS, which is the
result of the highly donating chloride ligand.
Although the transition state is a useful point to analyze
interaction energies, we have also explored whether the
electrophilic classification of complexes 1 and 2a is valid
along the reaction profile for C-H bond cleavage. Figure 6
shows a plot of the potential energy andALMO-EDAenergy
values along the IRC reaction pathway for reaction of
complex 1 with methane. The reaction coordinate is plotted
relative to the breaking C-H bond distance. The beginning
(27) (a)Garnett, J. L.;Hodges,R. J. J.Am.Chem.Soc. 1967, 89, 4546.
(b) Shilov, A. E. Activation of Saturated Hydrocarbons by Transition
Metal Complexes; Springer: Dordecht, The Netherlands, 1984.
(28) Siegbahn, P. E.M.; Crabtree, R.H. J. Am.Chem. Soc. 1996, 118,
4442.
(29) (a) Zhu, H.; Ziegler, T. J. Organomet. Chem. 2006, 691, 4486.
(b) Zhu, H.; Ziegler, T.Organometallics 2007, 26, 2277. (c) Zhu, H.; Ziegler,
T.Organometallics 2008, 27, 1743. (d) Zhu, H.; Ziegler, T.Organometallics
2009, 28, 2773.
(30) (a) Periana, R. A.; Taube, D. J.; Gamble, S.; Taube, H.; Satoh,
T.; Fujii, H. Science 1998, 280, 560. (b) Periana, R. A.; Bhalla, G.; Tenn,
W. J., III; Young, K. J. H.; Liu, X. Y.; Mironov, O.; Jones, C. J.; Ziatdinov,
V. R. J.Mol. Catal. A 2004, 220, 7. (c) Conley, B. L.; Tenn,W. J., III; Young,
K. J. H.; Ganesh, S. K.; Meier, S. K.; Ziadinov, V. R.; Mironov, O. A.;
Oxgaard, J.; Gonzales, J. M.; Goddard, W. A., III; Periana, R. A. J. Mol.
Catal. A 2006, 251, 8. (d) Lersch, M.; Tilset, M. Chem. Rev. 2005, 105,
2471.
(31) (a) Mylvaganam, K.; Bacskay, G. B.; Hush, N. S. J. Am. Chem.
Soc. 1999, 121, 4633. (b) Mylvaganam, K.; Bacskay, G. B.; Hush, N. S.
J. Am. Chem. Soc. 2000, 122, 2041. (c) Gilbert, T.M.; Hristov, J.; Ziegler, T.
Organometallics 2001, 20, 1183. (d) Kua, J.; Xu, X.; Periana, R. A.;
Goddard, W. A., III. Organometallics 2002, 21, 511. (e) Hristov, I. H.;
Ziegler, T. Organometallics 2003, 22, 1668. (f) Xu, X.; Kua, J.; Periana,
R. A.; Goddard, W. A., III. Organometallics 2003, 22, 2057. (g) Paul, A.;
Musgrave, C. B. Organometallics 2007, 26, 793.
(32) Ahlquist, M.; Periana, R. A.; Goddard, W. A., III. Chem.
Commun. 2009, 2373.
(33) Solvation undoubtedly affects the transition-state interaction
energies between (Hbpym)Pt(Cl)2þ and methane fragments; however,
there is no way to decompose interaction energies in the solution phase.
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structure has aC-Hbond distance of 1.36 A˚ andwas followed
through the transition state all the way to a structure with a
C-H bond distance of 2.10 A˚.
The main difference between the potential energy surface
and the summation of the lower interaction energy plots is
that the distortion energy (ΔEd) is not plotted. The black line
in Figure 6, EFRZ, shows that the exchange repulsions
monotonically increase by ∼10 kcal/mol along the IRC.
The green line shows that polarization stabilization also
increases (becomes more negative) monotonically by ∼10
kcal/mol. The blue line and the red line show the values of
reverse and forward charge-transfer stabilization, respec-
tively. Along the entire reaction profile the red line is sig-
nificantly below the blue line, indicating that each point along
this profile is characterized as electrophilic. Interestingly, the
relative difference between the blue and red lines decreases
along the IRC.At thebeginning,ΔECT2-CT1 is∼-36kcal/mol,
at 1-TS the value drops to -29 kcal/mol, and near the
product of the reaction the value is only ∼-19 kcal/mol.
The decrease in ΔECT2-CT1 values along the reaction
coordinate indicates that reverse CT progressively be-
comes more important as the C-H bond is stretched.
The potential and interaction energy profiles for methane
activation by 2a are given in the Supporting Information.
These plots are very similar to Figure 6 except by the end of
the IRC ECT2 is equal to ECT1.
We have also explored electrophilic substitution reactions.
Periana and co-workers have shown that elemental gold
dissolved in concentrated H2SO4 oxidizes methane to
methanol.34 The model transition state for this reaction is
3-TS. In this transition state the neutral (SO4)Au(HSO4)
species opens up a coordination site by elongating theAu-O
bond of the HSO4 ligand. As the C-H bond of methane is
elongated, the hydrogen atom is transferred to the HSO4
ligand with concomitant Au-CH3 bond formation. Periana
and co-workers have also experimentally showed that Pd(II)
dissolved in concentrated H2SO4 oxidizes methane to acetic
acid by a C-Hactivation mechanism.35 Bell and co-workers
have modeled this catalytic process using various types of
first-sphere-solvated Pd species.36 Although multiple C-H
activation transition states were found to be close in energy,
here we have adopted their Pd(κ2-HSO4)2 transition-state
model, which is similar to the transition-state model used for
the Au(III) reaction. The transition state for this process is
4-TS (Figure 1).
In a related type of transition state, Bell and co-workers
have shown that toluene undergoes C-H activation with
Rh(III) in trifluoroacetic acid (as well as several other types
of acids).37 Cleavage of the toluene C-H bond is the rate-
limiting step in an overall oxidative carbonylation catalytic
cycle to give toluic acid. Here we have adopted the transition
state model 5-TS (Figure 1) for methane C-H activation.38
These Au, Pd, and Rh substitution transition states have
similar O-H bond-forming distances (∼1.37 A˚) and C-H
bond-breaking distances (∼1.33 A˚). The only major differ-
ence is the somewhat longer Rh-C bond length of 2.34 A˚
compared to the Au-C and Pd-C bond lengths of 2.26 and
2.18 A˚. Along with similar geometry metrics, the activation
energies are also similar: 25, 29, and 28 kcal/mol for 3-TS,
4-TS, and 5-TS. Compared to the insertion transition states,
these substitution transition states require a significant metal-
ligand distortion energy because their ground-state geometries
are coordinatively saturated. The ΔEd values range from 23 to
28 kcal/mol for creation of a coordination site by breaking the
Au/Pd/Rh-O ligand bond. The methane fragment geometric
distortion energies are smaller in these substitution transition
states compared to the Pt insertion transition states, ranging
from a penalty of 36 to 43 kcal/mol. The similar distortion
energies and activation energies means that the interactions
energies (-40, -37, and -37 kcal/mol) for 3-TS, 4-TS, and
5-TS, respectively, are also very similar. The ALMO-EDA
dissected interaction energies are qualitatively very similar too.
Despite being neutral complexes, these complexes, especially 3
and 4, act as highly potent electrophiles toward methane. The
largest ΔECT2-CT1 value found was for 3-TS with a value of
-31 kcal/mol. Although the relative charge-transfer energy
Figure 6. Potential (top, PES) and interaction energy (bottom)
surfaces along the IRC for methane C-H bond activation by
[Pt(Cl)(Hbpym)]2þ.
(34) Jones, C. J.; Taube,D.; Ziatdinov, V.R.; Periana,R.A.;Nielsen,
R. J.; Oxgaard, J.; Goddard,W.A., III.Angew. Chem., Int. Ed. 2004, 43,
4626.
(35) Periana, R. A.; Mironov, O.; Taube, D.; Bhalla, G.; Jones, C. J.
Science 2003, 301, 814.
(36) Bhempath, S.; Bell, A. T. J. Am. Chem. Soc. 2006, 128, 4650.
(37) (a) Fujiwara, Y.; Takaki, K.; Taniguchi, Y. Synlett 1996, 591.
(b) Zakzeski, J. J.; Bell, A. T. J. Mol. Catal. A: Chem. 2007, 276, 8.
(c) Zheng, X. B.; Bell, A. T. J. Phys. Chem.C 2008, 112, 2129. (d) Zakzeski,
J.; Burton, S.; Behn, A.; Head-Gordon, M.; Bell, A. T. Phys. Chem. Chem.
Phys. 2009, 42, 9903.
(38) Zakzeski, J.; Behn, A.; Head-Gordon, M.; Bell, A. T. J. Am.
Chem. Soc. 2009, 131, 11098.
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stabilizations indicate that 3-TS is the most electrophilic sur-
veyed, the absoluteECT1 andECT2values are smaller than in the
Pt insertion transition states. However, this absolute value
comparison is somewhat irrelevant given the different position
of the transition states along the reaction coordinate. 4-TS and
5-TS are less electrophilic than 3-TS, withΔECT2-CT1 values of
-21 and-15 kcal/mol. A unique feature of these substitution
transition states compared with Pt insertion transition states is
the much larger EPOL stabilization, which is almost as large as
the total charge-transfer energy.
The potential and interaction energy profiles for methane
C-H activation by 3 are plotted along the IRC (Figure 7,
1.16 to 1.67 A˚). The EFRZ and EPOL values increase in an
exponential manner. This is in contrast to the more linear
changes seen for the insertion reactions. The ECT1 and ECT2
values show the expected electrophilic nature along the IRC.
However, in contrast to the Pt(II) insertion reactions, ECT1
values do not increase faster than ECT2 values. As the reac-
tion profile progresses, the ΔECT2-CT1 value stays ∼-30
kcal/mol until the transition state and then increases sig-
nificantly to ∼-100 kcal/mol at the end of the reaction IRC
explored.
Although this energy decomposition analysis confirms the
speculated electrophilic nature of Au(III) C-H activation,
we also explored whether the frontier orbital energy gaps
would be useful in the interpretation of the relative magni-
tude of CT stabilization energies. The B3LYP orbitals and
energies for the (SO4)Au(HSO4) and methane transition-
state fragments of 3-TS are shown in Figure 8. These orbitals
were chosen on the basis of symmetry considerations after
following the complete set of molecular orbitals along the
IRC (Figure 9). The LUMO and HOMO-3 orbitals, which
give the individual fragment HOMO and LUMO orbitals in
Figure 8, show that they correspond to the formation of the
Au-CH3 and H-HSO4 bonds. The individual distorted
methane HOMO-LUMO gap is 9.7 eV from the -8.2 eV
HOMOto the1.5 eVLUMOorbital.The electrophilicnatureof
the (SO4)Au(HSO4) fragment becomes evident from the very
low LUMO energy of-7.1 eV andHOMO energy of-9.0 eV,
which is essentially a nonbonding set of electrons on the HSO4
group. The FMO gap between CH4-HOMO-AuLUMO is very
small (1.1 eV), while the AuHOMO-CH4-LUMO is very large
(10.5 eV).Although this analysis of only a twoFMO interacting
system gives a clear indication that this reaction is highly
electrophilic, the ratio of FMO gaps of ∼10:1 obviously does
not quantitatively correlate with the ∼2.5 ratio of forward to
reverse charge-transfer stabilization.39
3.4. AmbiphilicCHActivation:Ru(II) and Ir(III)Examples.
Figure 2 (Section 3.1) shows the transition states that are
ambiphilic in nature. These are comprised of TpCORu(II)-
X, cis-(acac)2Ir-X (X = CH3, NH2, and OH), and [Cp*Ir/
RhMe(PMe3)]
þ complexes reacting with methane. The de-
tailed structures and energetics of these transition states have
previously been reported by the Cundari/Gunnoe10,13 and
Goddard/Periana12 consortium of groups. However, neither
the TpCORu(II)-X nor cis-(acac)2Ir-X system activates
the methane C-H bond. Rather, both of these systems were
reported to readily activate the C-H bond of benzene by a
transition state shown here formethane very similar to a step
in the catalytic cycle for olefin hydroarylation reactions.
Figure 7. Potential (top, PES) and interaction energy (bottom)
surfaces along the IRC for methane C-H bond activation by
(κ2-SO4)Au(κ
2-HSO4).
Figure 8. Kohn-Sham B3LYP frontier orbitals and energies
(eV) for the transition-state fragments of 3-TS.
(39) Although spatial orbital overlap was not taken into account, it is
unlikely that relative overlaps would augment the importance of an
FMOgaps tomake themquantitatively in accordwith theALMO-EDA
values.
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Compared to separated reactants, that is, with one vacant
coordination site and free methane, TpCORu(II)-X reac-
tions have barriers that range from 15 kcal/mol for X=OH
to 21 kcal/mol forX=NH2. The cis-(acac)2Ir-CH3 (ΔE‡=
5 kcal/mol) species has amuch lower barrier than cis-(acac)2-
Ir-OH (ΔE‡ = 17 kcal/mol). Inspection of the distortion
and interactions energies shows that the TpCORu(II)-X
and cis-(acac)2Ir-X fragment distortion energies are quali-
tatively similar. There is however a large difference between
methane distortion energies. When X = CH3, the methane
ΔEd value is 81 kcal/mol for the Ru system and 66 kcal/mol
for the Ir system. For X = NH2 and OH, the methane ΔEd
values are ∼30 kcal/mol. The larger methane distortion
energies for Ru/Ir-CH3 transition states is due to more
elongatedmethaneC-Hbonds. This alsomeans that the inter-
action energies for X = Me reactions are ∼-75 kcal/mol,
while for the hydroxo and amido reactions the interaction
energies are less than ∼-20 kcal/mol. Despite the large
differences in interaction energies, the dissected ALMO-
EDA interaction energies are very similar, except for 7b-TS,
which has slightly lower energy values for each term. The
EFRZ terms are on average ∼86 kcal/mol destabilizing, and
the EPOL terms are ∼-45 kcal/mol stabilizing. The main
difference between these transition states is the absolute
values for forward and reverse charge-transfer stabilization.
However, the relative values (ΔECT2-CT1) range from only
-10 to 6 kcal/mol. 6b-TS is the closest to equal charge-
transfer stabilization, with aΔECT2-CT1 value of only 3 kcal/
mol. The relatively small difference in ΔECT2-CT1 values for
the TpCORu(II)X and cis-(acac)2Ir-X complexes upon chang-
ing the X ligand is quite stunning considering the nucleophi-
licity of these ligands. The general feature that these Ru(II)
and Ir(III) complexes are ambiphilic is due to the balance of a
less electrophilic metal and highly basic ligand compared to
3-TS, 4-TS, and 5-TS, where the Au/Pd/Rh centers are more
electrophilic and the ligands are less basic.
The reaction of 6a with methane was selected to explore
the potential and interaction energy profiles for C-Hactiva-
tion along the IRC from 1.15 to 1.71 A˚. Figure 10 shows that
the EFRZ and EPOL values are very similar to those in the
reaction of 3a with methane. Here the polarization stabili-
zation (green line) turns out to be more stabilizing than
the forward and reverse charge transfer along the entire
reaction profile. The forward and reverse CT stabilization
are nearly equal until just past the transition state, and then
they diverge by several kcal/mol, with reverse CT then
becoming dominant. Analysis of the two frontier orbital
interactions also shows expected ambiphilic CT interactions.
The TpCORu-OH HOMO is a Rudπ-Op antibonding
combination largely centered on the oxygen atom with an
energy of -5.2 eV. The LUMO orbital of this fragment is a
Ru-dσ type orbital highly localized on the Ru atom. The
distorted methane HOMO and LUMO energies are -8.8
and 1.3 eV, respectively. These orbitals are properly ordered
tomake the forward and reverse FMOgaps both 6.6 eV. The
agreement between these FMO gaps and the nearly equal
forward to reverse charge-transfer ratio is likely quantitatively
fortuitous, but qualitatively very suggestive.
In 1993, Bergman and co-workers reported that the Cp*-
(PMe3)Ir(Me)(OTf) complex readily activates alkanes, in-
cluding methane, and arene C-H bonds.5a-c Conductivity
experiments suggested that the triflate anion dissociates
prior to C-H bond activation to give the cation 8a. In
addition, Bergman and co-workers later reported that the
cationic [Cp*(PMe3)Ir(Me)(CH2Cl2)][BArf] complex also
promotes similar C-H activation chemistry at temperatures
of -10 C.5e Based on the work of previous theoretical
studies,40 the methane insertion transition state by complex
8a is shown in Figure 2 (8a-TS). The forming Ir-C bond
distance is 2.27 A˚, and the breaking methane C-H bond
distance is 1.51 A˚. The activation barrier of 21 kcal/mol is the
result of 17 kcal/mol of Cp*(PMe3)Ir(Me)
þ fragment distor-
tion energy and a 50 kcal/mol penalty to distort methane.
Although this transition structure is typically referred to as
an oxidative addition transition state, the energy decomposi-
tion of the -46 kcal/mol total interaction energy shows that
there is -37 kcal/mol of charge-transfer stabilization result-
ing fromCp*(PMe3)Ir(Me)
þ to methane orbital interactions
and -40 kcal/mol of stabilization from methane to Cp*-
(PMe3)Ir(Me)
þ orbital interactions. This 3 kcal/mol differ-
ence in 8a-TSmakes it a nonintuitive example of ambiphilic
Figure 9. Important Au-CH3 and H-HSO4 bonding and antibonding molecular orbitals along the IRC (eV).
(40) (a) Niu, S.; Zaric, S.; Bayse, C. A.; Strout, D. L.; Hall, M. B.
Organometallics 1998, 17, 5139. (b) Niu, S.; Hall, M. B. J. Am. Chem. Soc.
1998, 120, 6169. (c) Niu, S.; Hall,M. B. J. Am.Chem. Soc. 1999, 121, 3992.
(d) Niu, S.; Hall, M. B.Chem. Rev. 2000, 100, 353. (e) Webster, C. E.; Hall,
M. B. Organometallics 2001, 20, 5606.
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charge-transfer interactions because the cationic charge and
formal Ir(III) oxidation state might strongly suggest that
Cp*(PMe3)Ir(Me)
þ acts as an electrophile. In fact, this result is
intriguing given the general comparisonof this complex to other
so-called other “electrophilic” C-H activation reagents.5
The Rh analogue 8b was also explored. The larger activa-
tion energy of 28 kcal/mol is typical of other Ir/Rh insertion
comparisons (see Section 3.5) and is the result of a substan-
tially elongated C-H bond in the transition state of 1.77 A˚.
The 78 kcal/mol methane distortion energy reflects this later
transition-state position for 8b-TS. The interaction energy
components differ from 8a-TS only in the charge-transfer
terms. In 8b-TS ECT1 is -61 kcal/mol, while ECT2 is
-52 kcal/mol. Replacement of Ir with Rh results in a
nucleophilic shift due to the differences in orbital energies
from relativistic effects. However, with a difference of only
11 kcal/mol, 8b-TS is still considered ambiphilic relative to
all of the complexes studied here.
3.5. Nucleophilic CH Activation: Ir(I), Rh(I), W(II), and
Sc(III) Examples. The term nucleophilic is often used syno-
nymously with oxidative addition.41 Early discoveries by
Chatt identified electron-rich species, such as Ru(dmpe)2,
42
and Green found that coordinatively unsaturated Cp2W are
capable of insertion into C-H bonds.43 Although the Ru-
(dmpe)2 species is indeed highly electron-rich and probably
gives a product that is oxidized at the metal center, it is
unclear if these or similar types of complexes also have an
important component of forward CT interactions. This is
especially true in light of the report by Roddick that a
fluorinated ligand version of Ru(dmpe)2 is actually more
reactive.44
Figure 3 shows the transition states that have been classi-
fied as nucleophilic. These include the reaction of methane
with the Cp*(CO)2WBOR2 species 9, the Cp*2ScMe com-
plex 10, and several pincer-type ligands metalated to Ir and
Rh (11-13) centers.Hartwig and co-workers discovered that
the coordinatively unsaturated complex 9 generated via
photochemical induction reacts with alkane C-H bonds to
give alkylboron derivatives.45 A computational study by
Hall, Hartwig, and co-workers revealed that this complex
reacts with C-H bonds via transition state 9-TS to give a
borane complex. In this metathesis-like transition state, the
hydrogen atom is transferred to the boron concurrently with
W-CH3 bond formation. On the basis of visualization of
localized molecular orbitals and orbital occupation, Hall
and Hartwig pointed out that electrons from the C-H bond
form the new W-CH3 bond and significant back-bonding
from the W(II) center to the ligand boron atom induces
protonic hydrogen C-H bond abstraction.
In 9-TS, the distortion energy of 56 kcal/mol is almost
entirely composed of methane distortion energy, and the
Figure 11. Kohn-Sham B3LYP frontier orbitals and energies
for the transition-state fragments of 6a-TS.
Figure 10. Potential (top, PES) and interaction energy (bottom)
surfaces along the IRC for methane C-H bond activation by
TpCORu(II)OH.
(41) We note here that the term “electron-rich” has also been used to
refer to species that undergo oxidative addition. Sometimes this termi-
nology is also used to describe early transition metals that have high-
energy electrons capable of being oxidized. This term has also been used
to refer to late transition metals with many d-electrons. However, in
these late transition metals with high oxidation states the energies of
these electrons are low-lying.
(42) Chatt, J.; Davidson, J. M. J. Chem. Soc. 1965, 843.
(43) Green, M. L. H.; Knowles, P. J. J. Chem. Soc., Chem. Commun.
1970, 1677.
(44) Koola, J. D.; Roddick,D.M. J. Am. Chem. Soc. 1991, 113, 1450.
(45) (a) Waltz, K. M.; Hartwig, J. F. J. Am. Chem. Soc. 2000, 122,
11358. (b)Webster, C. E.; Fan,Y.; Hall,M.B.; Kunz,D.;Hartwig, J. F. J.Am.
Chem. Soc. 2003, 125, 858. (c) Mkhalid, I. A. I.; Barnard, J. H.; Marder,
T. B.; Murphy, J. M.; Hartwig, J. F. Chem. Rev. 2010, 110, 890. (d) Wei,
C. S.; Jimenez-Hoyos, C. A.; Videa, M. F.; Hartwig, J. F.; Hall, M. B. J. Am.
Chem. Soc. 2010, 132, 3078.
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interaction energy of -44 kcal/mol leads to a 10 kcal/mol
barrier. The ALMO-EDA-separated interaction energies show
that reverse CT stabilization resulting from Cp*(CO)2WBOR2
to methane orbital interactions results in -48 kcal/mol of
stabilization, whilemethane to Cp*(CO)2WBOR2 orbital inter-
actions lead to -34 kcal/mol of stabilization. The ΔECT2-CT1
value of 14 kcal/mol begins the nucleophilic regime of C-H
activation, and this analysis reveals that the charge-transfer
stabilization is tipped to the donating side. This analysis is in
agreement with Hartwig andHall’s explanation of charge flow.
The donating electropositive boron ligand nucleophilically
attacks the C-H bond, and the metal to boron ligand dπ-p
back-bonding likely increases the nucleophilicity of this ligand
as well as makes the W center more electrophilic.
Since the discovery of σ-bond metathesis by Bercaw and co-
workers,46 Sc(III) reactions have often been referred to as
electrophilic in nature,47 most likely due to the complete lack
of d electrons, which makes the metal center incapable of being
formally oxidized and generating a stable Sc-H intermediate.
The computed transition state of complex 10, Cp*2ScMe,
reacting with methane is shown in Figure 3 as 10-TS. This
transition state is for degenerate methyl exchange withmethane
and has been previously located by Cramer and co-workers.48
The 26 kcal/mol activation energy is due to 9 kcal/mol of energy
required to distort the Cp*2ScMe fragment to a geometry with
the required vacant coordination site. The penalty of the
methane distortion is 33 kcal/mol. The interaction energy
between Cp*2ScMe and methane fragments is -16 kcal/mol.
Surprisingly, Cp*2ScMe to methane charge-transfer stabiliza-
tion is 16 kcal/mol more stabilizing than the methane to
Cp*2ScMe charge transfer. This discovery is highly intriguing
given the typical label of electrophilic for Cp*2ScMe and other
similar d0 metals that undergo metathesis reactions.49 Because
the Sc(III) metal center is d0, the nucleophilicity of the complex
is not imparted fromd orbital electrons on themetal, but rather
is a manifestation of a nucleophilic ligand with Scδþ-Cδ-
polarized bonding despite the formal Sc(III) oxidation state.50
Low oxidation state iridium and rhodium metals coordi-
nated pincer-type ligands are well known to induce C-H
activation of alkanes or alkenes.51 In 2006 Milstein and
co-workers reported that under basic conditions a cationic
(PNP)Ir(I) (PNP= 2,6-bis(di-tert-butylphosphinomethyl)pyri-
dine) system was capable of activating benzene C-H bonds.52
X-ray crystallographic and NMR spectrum results confirmed
that the PNP ligand was deprotonated to give complex 11,
termed (PNP*)Ir(I), with cyclooctene bound to the open co-
ordination site. Reaction of the cyclooctene-11 complex in a
solution of benzene quantitatively gave the C-H activation
product (PNP)Ir(I)(C6H5). On the basis of the likely possibility
of an Ir(III) hydride intermediate, we computed and analyzed
the insertion transition state for reaction of 11 with methane.
This transition state and the rest of the Ir/Rh-pincer transition
states computed have very similar M-CH3 and M-H partial
bond lengths of ∼2.25 and 1.60 A˚, respectively. The major
difference between transition states is the length of the breaking
C-Hbond. In11-TS, theC-Hbond isonly stretched to1.39 A˚.
Despite the 2 kcal/mol of energy to distort the (PNP*)Ir(I)
fragment and 31 kcal/mol to distort methane, an interaction of
-40 kcal/mol results in an activation barrier of -8 kcal/mol
relative to separated species and only 2 kcal/mol relative to a
weak methane complex, indicative of the very fast reaction
reportedbyMilstein.TheALMO-EDAcharge-transfer energies
show that forward CT stabilizes the transition state by
-27kcal/mol,while reverseCT is quantitativelymore dominant
and induces -40 kcal/mol of stabilization. The nucleophilic
character of this transition state shows the important influence
of the pincer ligand charge character. Although the beginning
(PNP)Ir complex was cationic, deprotonation imparts enough
electron-donating capability to impart significant nucleophilic
character. To further inspect this reaction, the potential and
interaction energy profiles were plotted along the IRC from
breaking the C-H bond from 1.21 to 1.75 A˚ (Figure 12). The
charge-transfer lines show that prior to the transition state
forward and reverse stabilizations are nearly equal. Not until
the methane C-H bond is stretched to 1.32 A˚ does the reverse
CT line overtake the forward CT line. As the reaction pro-
gresses, reverse CT becomes significantly more stabilizing than
forward CT. In the transition state, the distorted (PNP*)Ir
and methane fragment orbitals, Figure 13, show the expected
nucleophilic energetic ordering of frontier orbitals. The for-
wardorbital gap is 6.8 eV,while the reverseorbital gap is 6.4 eV.
Kaska, Goldman, Brookhart, Goldberg, and others have
reported C-H activation reactions of alkanes by iridium
pincer (PCP) complexes in the context of dehydrogena-
tion catalysts.53 The O-atom replacement of methylene
(46) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.;
Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. J. Am.
Chem. Soc. 1987, 109, 203.
(47) For example see the title of: Bercaw, J. E.PureAppl. Chem. 1990,
62, 1151.
(48) (a) Sherer, E. C.; Cramer, C. J. Organometallics 2003, 22, 1682.
(b) Sadow, A. D.; Tilley, T. D. J. Am. Chem. Soc. 2003, 125, 7971.
(c) Sadow, A. D.; Tilley, T. D. Organometallics 2003, 22, 3577. (d) Lewin,
J. L.; Woodrum, N. L.; Cramer, C. J. Organometallics 2006, 25, 5906.
(e) Woodrum, N. L.; Cramer, C. J. Organometallics 2006, 25, 68.
(49) For a recent example see the title of: Miller, K. L.; Carver, C. T.;
Williams, B. N.; Diaconescu, P. L. Organometallics 2010, 29, 2272.
(50) Here we are not implying that the Sc-C bond is ionic (see:
Steigerwald, M. L.; Goddard, W. A., III J. Am. Chem. Soc. 1984, 106,
308). It is a covalent bond, but this polarized view of the bond shows the
propensity of the CH3 group to act as a nucleophile.
(51) (a) Albrecht,M.; vanKoten, G.Angew. Chem., Int. Ed. 2001, 40,
3750. (b) van der Boom, M. E.; Milstein, D. Chem. Rev. 2003, 103, 1759.
(c) The Chemistry of Pincer Compounds; Morales-Morales, D.; Jensen, C.,
Eds.; Elsevier:Amsterdam, 2007. (d) Benito-Garagorri, D.; Kirchner, K.Acc.
Chem. Res. 2008, 41, 201.
(52) (a) Ben-Ari, E.; Gandelman, M.; Rozenberg, H.; Shimon,
L. J. W.; Milstein, D. Organometallics 2002, 21, 812. (b) Rybtchinski,
B.; Cohen, R.; Ben-David, Y.; Maritin, J. M. L.; Milstein, D. J. Am. Chem.
Soc. 2003, 125, 11041. (c) Ben-Ari, E.; Gandelman, M.; Rozenberg, H.;
Shimon, L. J. W.; Milstein, D. J. Am. Chem. Soc. 2003, 125, 4714.
(d) Ben-Ari, E.; Leitus, G.; Shimon, L. J. W.; Milstein, D. J. Am. Chem.
Soc. 2006, 128, 15390. (e) Ben-Ari, E.; Cohen, R.; Gandelman, M.; Shimon,
L. J. W.; Martin, J. M. L.; Milstein, D. Organometallics 2006, 25, 3190.
(53) The PCP ligand was modeled with methyl groups in place of the
more common tert-butyl groups. The tert-butyl groups would only
enhance the nucleophilic properties of the PCP.Krogh-Jespersen, Gold-
man, and co-workers concluded that replacement of a tert-butyl for a
methyl group reduces the C-H activation barrier due to a decrease in
steric effects. The differences in barriers can be significant (5-10 kcal/
mol). (a) Gupta, M.; Hagen, C.; Flesher, R. J.; Kaska, W. C.; Jensen,
C.M.Chem.Commun. 1996, 2083. (b) Gupta,M.; Hagen, C.; Kaska,W. C.;
Cramer, R. E.; Jensen, C. M. J. Am. Chem. Soc. 1997, 119, 840. (c) Xu, W.;
Rosini, G. P.; Gupta, M.; Jensen, C. M.; Kaska, W. C.; Krogh-Jespersen, K.;
Goldman, A. S. Chem. Commun. 1997, 2273. (d) Liu, F.; Pak, E. B.; Singh,
B.; Jensen, C.M.;Goldman,A. S. J.Am.Chem.Soc. 1999, 121, 4086–4087.
(e) Krogh-Jespersen, K.; Czerw, M.; Zhu, K.; Singh, B.; Kanzelberger, M.;
Darji, N.; Achord, P. D.; Renkema, K. B.; Goldman, A. S. J. Am.Chem. Soc.
2002, 124, 10797. (f) Krogh-Jespersen, K.; Czerw, M.; Summa, N.; Renkema,
K. B.; Achord, P. D.; Goldman, A. S. J. Am. Chem. Soc. 2002, 124, 11404.
(g) Zhu, K.; Achord, P. D.; Zhang, X.; Krogh-Jespersen, K.; Goldman, A. S.
J. Am. Chem. Soc. 2004, 126, 13044. (h) Goldman, A. S.; Roy, A. H.;
Huang, Z.; Ahuja, R.; Schinski, W.; Brookhart, M. Science 2006, 312, 257.
(i) Choi, J.; Choliy, Y.; Zhang, X.; Emge, T. J.; Krogh-Jespersen, K.; Goldman,
A. S. J. Am. Chem. Soc. 2009, 131, 15627. (j) Kund, S.; Choliy, Y.; Zhuo, G.;
Ahuja;Emge,T. J.;Warmuth,R.;Brookhart,M.;Krogh-Jespersen,K.;Goldman,
A. S. Organometallics 2009, 28, 5432.
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linkers is also known, 2,6-bis(di-tert-butylphosphinito)pyridine
(POCOP).54 The corresponding coordinatively unsatu-
rated ground-statemodel complexes are 12 and 13a complexed
to iridium and 13b complexed to rhodium (modeled with
methyl groups). The methane insertion transition states shown
in Figure 3 are very similar to the alkane transition states
reportedpreviously.53Asmentioned above, the only significant
geometrical difference among these transition states is the
partialmethaneC-Hbond length.The activation energy trend
for these pincer insertion transition states, relative to separated
reactants, is 13bTS> 13a-TS> 12-TS> 11-TS. 11-TS has
the lowest barrier, which is negative due to a stable methane
complex, while 12-TS and 13a-TS have low barriers of 5 and
8 kcal/mol, while 13b-TS has a larger barrier of 20 kcal/mol.
Inspection of the ALMO-EDA charge-transfer stabilization
values shows that the relative nucleophilicity (ΔECT2-CT1
values) gives the same ordering as the barrier heights. In
addition, this trend shows that the Rh species is inherently
more nucleophilic than similar Ir species. Again, this is due to
differences in second-row versus third-row relativistic effects of
orbitals that alter the frontier orbital energies.
Comparison of the PCP versus POCOP ligands with
iridium reveals that these ligands do not intrinsically cause
significant differences in the electronics of C-H activation.
The activation energies for reaction of complexes 12 (ΔE‡=
8 kcal/mol) and 13a (ΔE‡ = 5 kcal/mol) with methane differ
by only 3 kcal/mol. The total distortion energies for 12-TS
and 13a-TS are 51 and 52 kcal/mol, and the total interaction
energies are -46 and -44 kcal/mol, respectively. The parti-
tioned ALMO-EDA interaction energy values are also very
similar.
4. Conclusions
The potential energy and interaction energy profiles for
methane C-H bond activation were computed with B3LYP
DFT and ALMO-EDA. Quantitative dissection of direc-
tional charge-transfer stabilization (orbital occupied to un-
occupied stabilization) between metal-ligand and methane
fragment energies reveals a continuum of electrophilic,
ambiphilic, and nucleophilic interactions. All types of me-
chanistic or bonding paradigms, such as oxidative addi-
tion and σ-bondmetathesis or substitution, were identified
in electrophilic, ambiphilic, and nucleophilic regimes.
Late transition metals such as Rh(III), Pt(II), Pd(II), and
Au(III) metal centers with N-heterocycle, halide, and
O-donor ligands show electrophilically dominated transi-
tion states. Several transition states were found to have
nearly equal forward and reverse charge-transfer stabili-
zation. These include d6 Ru(II) and Ir(III)metals ligated to
Tp and acac ligands and the Cp*(PMe3)IrMe cationic
complex. Although ambiphilic C-H activation seems
obvious when considering substitution andmetathesis-like
reactions where there is both an electrophilic metal center and
a nucleophilic ligand, a substitution mechanism does not
guarantee equal forward and reverse CT energy stabilization.55
Figure 12. Potential (top, PES) and interaction energy (bottom)
surfaces along the IRC for methane C-H bond activation by
(PNP*)Ir(I).
Figure 13. Kohn-Sham B3LYP frontier orbitals and energies
for the transition-state fragments of 11-TS.
(54) Again, the tert-butyl groups were modeled as methyl groups.
(a)G€ottker-Schnetmann, I.;White, P.; Brookhart,M. J.Am.Chem.Soc.
2004, 126, 1804. (b) G€ottker-Schnetmann, I.; Brookhart, M. J. Am. Chem.
Soc. 2004, 126, 9330. (c) G€ottker-Schnetmann, I.; White, P. S.; Brookhart,
M. Organometallics 2004, 23, 1766. (d) Morales-Morales, D.; Redon, R.;
Yung, C.; Jensen, C. M. Inorg. Chim. Acta 2004, 357, 2953. (e) Bernskoetter,
W. H.; Hanson, S. K.; Buzak, S. K.; Davis, Z.; White, P. S.; Swartz, R.;
Goldberg, K. I.; Brookhart, M. J. Am. Chem. Soc. 2009, 131, 8603.
(f) Bernskoetter, W. H.; Schauer, C. K.; Goldberg, K. I.; Brookhart, M.
Science 2009, 326, 553.
(55) In ref 11 Davies, Macgregor, and co-workers have used the term
ambiphilic metal-ligand activation (AMLA) to describe substitution
reactions when a lone pair is involved. This definition is based on a
mechanism rather than the electronics of C-H activation.
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This was observed in the example for the substitution
transition states of 3-TS, which is highly electrophilic,
and 10-TS, which is highly nucleophilic. Nucleophilic tran-
sition states were identified for early transition metal com-
plexes with W(II) and Sc(III) metal centers in metathesis
transition states as well as late transition metal Ir(I) and
Rh(I) pincer complexes in insertion transition states. It was
discovered that the Cp*2ScMe complex acts as a nucleo-
phile toward methane. This is important given the typical
appellation of electrophilic for this reaction and the fact
that it is a d0 metal. Although there was no quantitative
correlation between the relative ALMO-EDA charge-
transfer energy stabilizations and frontier orbital energy
gaps, transition-state fragment orbital energies were found
to qualitatively reflect electrophilic, ambiphilic, or nucleo-
philic orbital interactions.
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